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Abstract. Group-index birefringence in silicon-on-insulator photonic
wire waveguides is determined through a polarization beating technique
and a Fabry-Pérot resonance method. A large group-index birefringence,
up to 0.67, is obtained as a result of the structural asymmetry and high
field confinement of our waveguides. The group index and linear propagation loss are also determined. In particular, the group index is found to
be as large as 4.45 due to the significant change in the effective mode
index of the waveguide as a function of the wavelength. The effects of
structure size on the measured losses and group indices are analyzed.
Our experimental results are in good agreement with our simulations,
and the method employed is found to be effective in analyzing the linear
properties of submicrometer optical waveguide structures. © 2007 Society of

Photo-Optical Instrumentation Engineers. 关DOI: 10.1117/1.2793711兴
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1 Introduction
Recently, there has been a growing interest in studying
silicon-on-insulator 共SOI兲 waveguides with structures at the
submicrometer scale in order to develop integrated silicon
photonic circuits.1–7 SOI8 is a mature material commonly
used in fabrication of very large scale integration 共VLSI兲
microelectronic circuits. It provides a high index contrast
between the Si waveguide core and the SiO2 cladding
共⌬n ⬇ 2兲 that results in a high degree of optical mode confinement and in the capability of fabricating waveguides
with bend radii as small as a few micrometers. Although
silicon has a moderate nonlinearity coefficient, n2 ⬇ 7
⫻ 10−18 m2 / W,9 the high field confinement and small structure size reduce the effective mode area considerably, enabling nonlinear effects at moderate power levels. Wavelength converters,1 Raman amplifiers,10 modulators,11,12
0091-3286/2007/$25.00 © 2007 SPIE
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and lasers13,14 have been reported in Si, as well as many
nonlinear effects, such as self-phase modulation15 and
cross-phase modulation.16 Moreover, recent findings2 have
shown possible solitonlike generation at 1550 nm in SOI
waveguides of submicrometer cross-sectional area. In particular, this is due to the large anomalous dispersion induced by the waveguide geometry.
The fundamental properties of SOI photonic wires need
to be well understood for the study of nonlinear effects
such as four-wave mixing and Raman amplification, but
also for successful operation of various linear devices.
Wavelength demultiplexing systems can suffer from
crosstalk induced by self-phase and cross-phase modulations, which are amplified due to the high optical density in
nanowires. A precise knowledge of the group index and
group birefringence is necessary in order to calculate the
dispersion parameters and the group velocity. It is also advantageous to know the waveguide linear properties before

104602-1

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 27 Aug 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

October 2007/Vol. 46共10兲

Duchesne et al.: Group-index birefringence and loss measurements…

carrying out the theoretical modeling and design of optical
nanowires for nonlinear optical applications.
In this paper, we report on the measurement of the group
index for the two orthogonal polarizations 共TE and TM兲, as
well as on the direct measurement of the group birefringence. We chose to simply refer to TE and TM polarizations notwithstanding the hybrid nature 共HE and EH兲 of the
modes in Si photonic wire waveguides. The Fabry-Pérot
resonance method17 is used to calculate the waveguide linear propagation loss and group index of thin SOI
waveguides of different cross sections. The group birefringence can be calculated by finding the group-index at both
polarizations. We also propose a direct measurement of the
waveguide group-index birefringence by a polarization
beating technique. In the latter, two orthogonal polarization
components of the waveguide fundamental mode are simultaneously excited in the waveguide to obtain polarization
beating.18 The main difficulty in characterizing the
waveguides under study arises from the large asymmetric
cross sections, leading to a birefringence as large as ⌬ng
⬇ 0.6 in some of our waveguides. To the best of our knowledge this is the first report on the measurement of groupindex birefringence of this magnitude, which is about 70
times as large as that of InGaAsP / InP devices measured by
a similar Fabry-Pérot technique.19 We compare the experimental values with those obtained from our simulations.
The methods used are simple, require only relatively modest equipment, and can be used directly on straight
waveguides, thus obviating the need for specifically designed photonic waveguide devices for group-index
measurements.20
2 Theory
A straight rib waveguide forms a Fabry-Pérot cavity where
light propagating within the waveguide undergoes successive reflections and transmissions at the two facets. The
intensity transmittance in a Fabry-Pérot cavity can be expressed as17
I=

Imax关1 − r2 exp共− ␣L兲兴2
,
1 + r4 exp共− 2␣L兲 − 2r2 exp共− ␣L兲cos ␦

共1兲

where r2 is the waveguide facet power reflectivity 共we have
assumed both facets to have equal reflectivity兲, ␣ is the
linear propagation loss, L is the length of the waveguide,
and ␦ = 4Lneff /  is the accumulated phase of the light in a
double pass along the cavity length, where  is the wavelength of the light and neff is the effective index of the
waveguide mode.
Assuming that the linear losses and reflectivity have a
very small wavelength dependence in the spectral range of
interest, the transmittance function 共1兲 is approximately periodic in the wavelength, and the period is
⌬ =

2
,
2Lng

共2兲

where ng = neff −  dneff / d is the group index. The group
index can be measured by varying the wavelength of the
injected light and measuring the period of the
transmittance.19 Moreover, by taking the square root of the
ratio of the maximum to the minimum transmittance, ␥
Optical Engineering

= 共Imax / Imin兲1/2, Eq. 共1兲 can be used to calculate the linear
propagation loss:

␣=

冉

冊

1
␥+1
ln r2
.
L
␥−1

共3兲

The group birefringence ⌬ng = ng,TE − ng,TM can be calculated using Eq. 共2兲 by comparing the wavelength scans obtained for TE and TM input polarizations.
The group-index birefringence can also be obtained by
means of a polarization beating technique, where linearly
polarized light with equal intensities for the TE and TM
components is injected into the waveguide. Polarization
beating has been demonstrated for birefringence measurements in slab glass waveguides with a measurement accuracy of approximately 10−6.21 This is the first time that this
technique has been used in silicon wire waveguides, and we
find it to be both practical and reasonably accurate.
In particular, the two orthogonal components of light
propagate in the waveguide with different propagation constants due to the waveguide birefringence. On recombination by the output polarizer 共analyzer兲, the intensity of the
collected light at the output of the waveguide depends on
the phase shift between the two polarization components,
which itself depends on the wavelength of the light traveling along the waveguide. Hence, a beating between the two
polarization components can be observed by varying the
wavelength of the input light.18 The group birefringence is
then obtained from
⌬ng =

2
,
L⌬

共4兲

where ⌬ is the period of the measured polarization beating signal.
Both the Fabry-Pérot and polarization beating techniques involve a simple wavelength sweeping of the input
light and measurement of the ratio of the maximum to the
minimum light intensity transmitted. This is easily attained
by means of a tunable laser source and a highly sensitive
power meter. We also note that the accuracy of the loss
measurements depends on a precise knowledge of the facet
reflectivity, whereas the accuracy of the group-index and
birefringence measurements depends greatly on the wavelength spacing of the observed beating 共fringes兲. The
group-index birefringence can be found using either Eq. 共2兲
or Eq. 共4兲, which basically depend on the same parameters.
We can expect the group index to be much larger than the
group-index birefringence, and by comparing Eqs. 共4兲 and
共2兲 we can conclude that the wavelength spacing for the
polarization beating satisfies the relation ⌬beat Ⰷ ⌬FP.
3 Experimental Results
The experimental setup used to measure the linear characteristics of our waveguides is shown in Fig. 1. Polarized
monochromatic light from a fiber-coupled tunable semiconductor laser is coupled into the SOI waveguide from a
single-mode polarization-maintaining fiber with a conical
tip. The polarization is controlled by a polarization rotator
共half-wave plate兲. The light is collected from the SOI waveguide by a 20⫻ microscope objective and can be imaged
onto either a photodetector or an InGaAs near-infrared
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Fig. 1 Experimental set-up used for the Fabry-Pérot and polarization beating experiments. 共1兲 Tunable laser, 共2兲 polarizer, 共3兲
polarization-maintaining tapered fiber, 共4兲 waveguide micropositioning stage, 共5兲 20⫻ micro-objective, 共6兲 analyzer, 共7兲 flipping mirror,
共8兲 InGaAs camera, 共9兲 detector.

camera, depending on the position of a flip mirror. An output polarizer 共analyser兲 is used after the microscope objective to recombine the orthogonally polarized components in
the polarization beating experiment.
We analyzed four SOI rib waveguides with different geometries 共see Table 1兲. In particular, the silicon waveguides
were fabricated on SOI wafers from SOITEC with different
core thicknesses. The waveguides were patterned in photoresist using contact optical lithography. The patterns were
transferred into the silicon using an inductively coupled
plasma reactive-ion etching 共ICP RIE兲 system with a mixture of SF6 and C4F8, resulting in nearly vertical sidewalls.
The residual photoresist was removed via an oxygen
plasma ashing technique. Finally, the samples were cleaved
at various lengths in order to carry out the measures presented in this paper. The cross-section dimensions were
measured using scanning electron microscopy 共SEM兲. We
found that the smallest cross-sectional area was 0.408 m2,
for waveguide D 共see Table 1兲. These waveguide geometries do not ensure single-mode propagation, and the
waveguides are in fact multimode. Precise head-on beam
alignment and careful input coupling procedures were used
to minimize excitation of the higher-order modes and hence
to avoid mode beating with the fundamental mode.22
By varying the input polarization and scanning the
wavelength, the linear loss, group index, and group birefringence were determined for the various guides using
Eqs. 共2兲–共4兲. The results are presented in Figs. 2–8 for a
wavelength of 1550 nm. The calculated group birefringence using the Fabry-Pérot method was compared with the

Fig. 2 Upper: Fabry-Pérot fringes for a SOI waveguide of 1.8
⫻ 0.6-m2 cross-section. Lower: zoom of the fringes and curve fitting according to Eq. 共1兲.

value obtained by means of the polarization beating
method. The tunable laser used in this experiment had a
1-pm resolution, and the period of the Fabry-Pérot fringes
was in the range of 40 to 80 pm. Thus the accuracy of the
group index and group-index birefringence is dominated by
the laser resolution. On the other hand, the polarization
beating oscillations have a longer period 共0.9 to 2.25 nm兲,
and thus the dependence on the laser resolution is less relevant. However, precise measurement of the period of the

Table 1 SOI channel waveguide geometries and cross-sectional
areas.

Waveguide

Height
共m兲

Width
共m兲

Length
共mm兲

Area
共  m 2兲

A

0.6

1.8

7.874

1.08

B

0.6

1.2

7.874

0.72

C

0.34

1.8

3.988

0.612

D

0.34

1.2

3.988

0.408

Optical Engineering

Fig. 3 Waveguide linear propagation losses for TE 共circles兲 and TM
共triangles兲 polarized light. The error bars reflect the uncertainty in
the length of the waveguides, the exact wavelength of the light, and
the maximum-to-minimum ratio of the light intensity.
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Fig. 4 Normalized modal electric field intensity distribution inside
waveguide A 共right兲 and waveguide D 共left兲 for TE 共top兲 and TM
共bottom兲 polarization.

polarization beating fringes is challenging due to the presence of the Fabry-Pérot fringes superimposed on them 共see
Fig. 6兲. It is thus difficult to identify the exact position of
the peaks or valleys for the fringes in the beating experiment, unless antireflective 共AR兲 coating is used on the
waveguide facets. Averaging over many fringes was performed to alleviate this uncertainty. We note that although
the fringe separation depends on the wavelength, the
smoothing introduced by averaging over a small wavelength range 共1 nm兲 introduces a small error, which was
taken into account in our error analysis. Other sources of
uncertainty in our experiment are the actual waveguide
length, the absolute wavelength of the injected light, and
the maximum and minimum intensities extrapolated from
the Fabry-Pérot fringes. The reflectivity was assumed fixed,
as detailed below.
The Fabry-Pérot fringes near 1550 nm for waveguide A
are presented in Fig. 2. The fringes are well defined, and a
good fit is obtained to the transmission function, represented by Eq. 共1兲. Here the effective index, the linear loss,
and the amplitude were treated as independent parameters.
Note that the loss values reported are not those extrapolated
from our fitting procedures, but those obtained from Eq.
共3兲, which was determined to be more reliable. The facet
power reflectivity was calculated from the Fresnel equations using the effective index of the mode and assuming a
normal angle of incidence on reflection. We note that this is
an approximation to the true reflectivity, which represents
an unaccounted-for error source in our experiment. Our experimental results are compared with the simulated values
calculated by way of a vectorial mode solver from Lumerical Solutions, Inc. The effective indices for our structures
were also calculated using this simulation tool in addition
to a Sellemeier model for the refractive index of silicon.23
The linear loss was estimated from the ratio of the maximum to the minimum transmittance, as given in Eq. 共3兲. We
note that the maximum coupled light was less than
0.1 mW, which permits us to neglect nonlinear losses and
losses due to free-carrier absorption, as also confirmed by
our simulations. The loss is smallest for waveguide A
共2.7± 0.1 dB/ cm兲 and largest for waveguide D
共15.5± 1.8 dB/ cm兲 共see Fig. 3兲. The variation of the loss as
a function of the waveguide size can be explained by the
Optical Engineering

fabrication process used for our waveguides and by the
value of the field intensity along the waveguide core
boundaries, which increases as the dimensions of the waveguide decrease. The etching process employed to form the
ridge 共core兲 structure of our waveguides results in some
sidewall roughness and slight imperfections. The losses in
our waveguide are primarily a result of scattering from this
roughness. In contrast, the lower and upper core interfaces
共with silica and air respectively兲 are smoother surfaces, because they are protected during the etching process. For the
larger waveguides 共A and B兲, for which a wafer with a
600-nm-thick Si core was used, the horizontal and vertical
polarizations have similar losses, since the mode can extend further in both the vertical and horizontal directions,
and as a result, a very small portion of the field is propagating along the sidewall boundaries. On the other hand,
the limited height of the Si core 共only 340 nm兲 in the
smaller waveguides 共C and D兲 prevents the mode from enlarging vertically, as the mode profile for waveguide D in
Fig. 4 shows. Thus the propagated light is stretched asymmetrically in the horizontal direction, resulting in a high
field intensity near the sidewalls, and in a higher loss term
for the smallest waveguides. It is also important to note that
less light is coupled into the smaller photonic wires than
into the larger one. This, in turn, results in an increased
error affecting the measurements performed on the smallest
waveguides. The polarization-dependent losses in the
smaller waveguides 共C and D兲 can also be attributed in part
to the same loss mechanism, since the TE mode in this case
has slightly more field along the sidewall boundaries.
Figure 5 summarizes our results related to the groupindex measurements for both polarizations under study. Although the measurements agree well with the values obtained through our simulations, the accuracy was rather
limited because of the long length of our sample and the
intrinsic resolution of our laser. Possible means to increase
accuracy include using shorter waveguides or an enhanced
laser resolution 共however, commercial tunable lasers with a
significantly higher resolution than ours are not readily
available兲. The group index is quite large in these structures, reaching a value of 4.45 in waveguide D for TM
polarization. This noticeably exceeds the value of the index
of refraction of silicon 共3.478 at 1550 nm兲. The large group
index is a consequence of the strong wavelength-dependent
effective index of the mode. It is a characteristic result of
the small transverse dimension of our waveguides. A value
of approximately 4.1 for a TM-polarized wave 共⬇4.2 for
TE兲 is obtained in Ref. 20 for a structure much smaller than
the ones proposed here, namely, 226 nm in thickness and
525 nm in ridge width, at a wavelength of 1550 nm. From
our results, it is apparent that reducing the core thickness
from 600 to 340 nm led to a much larger group index.
However, from the simulations reported in Ref. 24, the
group index does not necessarily decrease as the core thickness is decreased further. Our results also show that the
group index increases as the ridge width of the structure
decreases, a trend also observed in Ref. 25 共where a group
index greater than 4 was also obtained兲.
Theoretical simulations with our mode solver show an
anomalous dispersion regime at 1550 nm for TM-polarized
light, suggesting that the waveguide 共i.e., structural兲 dispersion dominates the material dispersion at this particular
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Fig. 6 Simulated dispersion curves for TE and TM polarizations in
waveguide C 共1.8⫻ 0.34 m2兲. The dispersion is given as ␤2
= d2␤ / dw2.

Fig. 5 Group index of SOI waveguides 共triangles for experimental,
circles for simulations兲 for TE 共top graph兲 and TM 共bottom graph兲
polarizations measured by a Fabry-Pérot technique. The error bars
take into account the uncertainty in the length of the waveguides, as
well as in the absolute wavelength of the injected light.

wavelength. This behavior is shown in Fig. 6, where the
dispersion is defined as ␤2 = d2␤ / dw2 共here ␤ is the propagation constant of the mode, and w is the angular frequency兲. A value of −2.93 ps2 / m 共the minus sign corresponding to anomalous dispersion兲 was found for TMpolarized light, whereas for the TE-polarized mode the
dispersion is smaller and normal, with a value of
0.806 ps2 / m. We observe that the anomalous value obtained is of the same order of magnitude found in smaller
SOI wires,24,25 whereas a small normal value for the dispersion is obtained for larger waveguides in Ref. 26, where
a value of ⬇1.15 ps2 / m at 1540 nm is reported for a rib
SOI waveguide of 4-m width. From these results and
comparisons, it is apparent that our smaller photonic wires
with a core thickness of 340 nm display almost the same
physical properties as nanowires of smaller dimensions
when operating in the TM mode. This interesting result
seems to imply that the width of the core has very little
effect on the dispersion and group index of the TM propagation apart from regulating the degree of confinement, and
we find that the general large anomalous dispersion is preserved with a ridge width as large as 1800 nm.
The group birefringence can be calculated from the
Fabry-Pérot results by simply taking the difference of the
obtained group indices for TE and TM polarizations. An
alternative approach to determine the birefringence is
through the polarization beating technique as discussed earlier in this section. The group birefringence measured by
means of polarization beating is presented in Fig. 7 for
Optical Engineering

waveguide C. The beating is well defined over the scanned
spectral range 共1470 to 1580 nm兲, and, within the accuracy
of our experiment, the beating period is approximately constant over this wavelength range. Simulations reveal a 0.1
change in the group birefringence over this spectral range,
which has been taken into account in our error analysis.
The noise observed in the results shown in Fig. 7 comes
from the Fabry-Pérot fringes, which contribute to highfrequency oscillations along the polarization beating
fringes. The error due to Fabry-Pérot fringes can be eliminated by using AR coating at the facets, e.g., a  / 4 layer of
Si3N4. The results, in Fig. 8, indicate that the group birefringence is quite high, especially for the waveguides of
0.34-m core thickness, for which a value of 0.64 for
waveguide C and 0.67 for waveguide D is obtained. We
also present in Fig. 8 the group-index birefringence calculated by taking the difference of the TM and TE group
indices found via the Fabry-Pérot method. Both these results are in excellent agreement with the values obtained
through simulations.

Fig. 7 Polarization beating in a SOI channel waveguide of 1.8
⫻ 0.34-m2 cross section 共waveguide C兲. Fabry-Pérot fringes appear as fluctuations on the polarization beating fringes.
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Fig. 8 Experimental group birefringence for both the Fabry-Pérot
共empty triangles兲 and the polarization beating 共empty squares兲
methods compared with the obtained simulations 共full black circles兲.
The error bars take into account the uncertainty in the length of the
waveguides as well as the relative and absolute wavelength of the
light. The simulation results for waveguides A and B are almost exactly those obtained experimentally.

The large birefringence is attributed to the asymmetry of
our structures, which is a consequence of the small height
of the waveguides 共340 or 600 nm兲 and of their large width
共1200 or 1800 nm兲. As can be observed in Ref. 20, small
waveguide core dimensions 共less than 600 nm兲 generally
yield a weak group-index birefringence 共e.g., a value of
⬇0.1 to 0.2 can be deduced from the plots recorded at
1550 nm兲. Our analysis revealed a large and significant polarization dependence in the smallest waveguides, which
resulted in a large group-index birefringence and
polarization-dependent dispersion regimes. We would like
to emphasize once more that this is unique to the asymmetric nature of our waveguides and has not been previously
reported in the literature. Pulse propagation in these
waveguides is expected to experience a large walkoff between the two polarizations, as well as other interesting
effects due to the different dispersion regimes.
4 Conclusions
In conclusion, we have reported on measurements of the
group index, group birefringence, and linear loss in various
SOI channel waveguides of submicrometer thickness. Polarization beating has been used for the first time to measure the group-index birefringences in photonic wire
waveguides. The measured group indices and group birefringences agree well with the values computed through our
simulations with a mode solver. The comparatively large
values for the group birefringence are a consequence of the
asymmetry in the waveguide geometries of these SOI
waveguides.
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